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ABSTRACT 

We present results from observations of SN 1979C with XMM-Newton in X-rays and in the UV, 
archival X-ray and HST data, and follow-up ground-based optical imaging. The XMM-Newton MOS 
spectrum shows best-fit two-temperature thermal plasma emission characteristics of both the forward 
(fcPhigh = keV) and reverse shock (fcPiow = 0.78tai7 keV) with no intrinsic absorption. 

The long-term X-ray lightcurve, constructed from all X-ray data available, reveals that SN 1979C 
is still radiating at a flux level similar to that detected by ROSAT in 1995, showing no sign of a 
decline over the last six years, some 16-23 yrs after its outburst. The high inferred X-ray luminosity 
(Lo.3-2 = 8 X 10^® ergs s“^) is caused by the interaction of the SN shock with dense circumstellar 
matter, likely deposited by a strong stellar wind from the progenitor with a high mass-loss rate of 
M Ri 1.5 X 10“^ Mq yr“^ (uw/10 km s“^). The X-ray data support a strongly decelerated shock, and 
show a mass-loss rate history which is consistent with a constant progenitor mass-loss rate and wind 
velocity over the past ^ 16,000 yrs in the stellar evolution of the progenitor. We find a best-fit CSM 
density profile of pcSM oc r”'* with index s ^ 1.7 and high CSM densities 10"^ cm“®) out to large 
radii from the site of the explosion (r ^ 4 x 10^"^ cm). Using XMM-Newton Optical Monitor data we 
further detect a point-like optical/UV source consistent with the position of SN 1979C, with B, U, 
and UVWl-hand luminosities of 5, 7, and 9 x 10®® ergs s“®, respectively. The young stellar cluster in 
the vicinity of the SN, as imaged by the UST and follow-up ground-based optical imaging, can only 
provide a fraction of the total observed flux, so that a significant contribution to the output likely 
arises from the strong interaction of SN 1979C with dense CSM. 

Subject headings: stars: supernovae: individual (SN 1979C) — stars: circumstellar matter — galaxies: 

individual (MlOO, NGC 4321) — X-rays: general — X-rays: individual (SN 1979C, 
MlOO, NGC 4321) — X-rays: ISM — ultraviolet: ISM 


1. INTRODUCTION 

The interaction of the outgoing supernova (SN) shock 
and ejecta with the circumstellar medium (CSM) can 
produce substantial amounts of X-ray emission. The 
dominant X-ray production mechanism is the interaction 
of the SN shock with the ambient CSM deposited either 
by a pre-SN stellar wind or non-conservative mass trans¬ 
fer to a companion. This interaction produces hot gas 
with a characteristic temperature in the range T ~ 10^- 
10® K (Chevalier & Fransson 1994). Gas heated to 
such a high temperature produces radiation predomi¬ 
nantly in the X-ray range. X-ray emission from this 
interaction is expected for all Type Ib/c and II SNe 
with substantial CSM established by the massive pro¬ 
genitors. The details of the CSM interaction are dis- 
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cussed in Fransson, Lundqvist & Chevalier lll996D and 
references therein, while the X-ray interaction lumi¬ 
nosity is briefly summarized here (see also Immler & 
Lewin 2003): the thermal X-ray luminosity. Lx, pro¬ 
duced by the shock heated CSM, can be expressed as 
Lx = 4/(7rm®)A(r) x {M/v^Y ^ where m is 

the mean mass per particle (2.1 x 10“®' kg for a H-|-He 
plasma), A{T) the cooling function of the heated plasma 
at temperature T, M the mass-loss rate of the progen¬ 
itor, Uw the speed of the stellar wind blown off by the 
progenitor, and Vg the speed of the outgoing shock. If X- 
ray spectroscopic data are available, A(T) is known, and 
the interaction luminosity Lx at time t after the outburst 
can be used to measure the ratio M/v^r- Assuming a con¬ 
stant SN shock velocity Us, the shock will reach a radius 
of r = Vgt from the site of the explosion at time t after 
the explosion. 

If the CSM density pcsm is dominated by a wind from 
the progenitor of the SN, the continuity equation requires 
M = 47rr®/9w(T) x Uw(t) through a sphere of radius r, 
where pw is the stellar wind density. After the SN shock 
plows through the CSM, its density is pcsm = 4pw (Frans¬ 
son, Lundqvist & Chevalier 1996), assuming no losses to 
cosmic ray acceleration. 

Since each X-ray measurement at time t is related to 
the corresponding distance r from the site of the explo¬ 
sion, which has been reached by the wind at a time de¬ 
pending on Vvr, or the age of the wind t^ = tug/uw, we 
can use our measurements as a ‘time machine’ to probe 
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the progenitor’s history over significant time scales. As¬ 
suming that Uw and Vs did not change over tw, or in 
cases where the shock front deceleration is known from 
radio data, we can even directly measure the mass loss 
rate back in time. Furthermore, integration of the mass- 
loss rate along the path of the expanding shell gives the 
mean density inside a sphere of radius r. For a con¬ 
stant wind velocity and constant mass-loss rate M, a 
Pcsm = Po(f'/ro)~^ profile with s = 2 is expected. 

After the expanding shell has become optically thin, 
it is expected that emission from the SN ejecta itself, 
heated by the reverse shock, dominates the X-ray out¬ 
put of the interaction regions due to its higher emission 
measure and higher density. Since the plasma tempera¬ 
ture of the ejecta is lower than that of the shocked CSM, 
a significant ‘softening’ of the X-ray spectrum is expected 
(e.g., Chevalier & Fransson 1994; Fransson, Lundqvist & 
Chevalier 1996). 

The number of detected X-ray SNe has substantially 
grown over the past few years. With 22 detections 
to date® and high-quality X-ray spectra available from 
XMM-Newton and Chandra observations, a wealth of 
new information has been gathered (see Immler & Lewin 
2003 for a review article). 

The signatures of circumstellar interaction in the ra¬ 
dio, optical, and X-ray regimes have been found for 
a number of core-collapse SNe, such as the Type II- 
L SN 1979C (e.g., Weiler et al. 1986, 1991; Fesen & 
Matonick 1993; Immler et al. 1998). SN 1979C was 
discovered in the optical near maximum light on April 
19, 1979 (Johnson 1979), and detected in X-rays 16 yrs 
after its outburst with the ROSAT HRI, with a lumi¬ 
nosity of Lo.1-2.4 = 1-3 X 10®® ergs s“® (Immler et al. 
1998). The ROSAT data imply a mass-loss rate of M ~ 
1 X 10“^ Mq yr“® (ww/10 km s“®), similar to the mass- 
loss rates of other massive (^ IOMq) SN progenitors 
(e.g. SNe 1978K, 1986J, 1988Z, and 1998S) and in agree¬ 
ment with the mass-loss rate inferred from VLA radio 
observations (M = 1.2 x 10“^ Mq yr“® [uw/10 km s~®]; 
Weiler et al. 1991). Earlier Einstein observations only 
gave an upper limit to the X-ray luminosity on days 
64, 239, and 454 after the outburst, with 3cr upper 
limits of 1.8 x lO'^® ergs s“®, 7.6 x 10®® ergs s“® and 
6.9 X 10®® ergs s“®, respectively (Immler et al. 1998). 
Since the ROSAT HRI instrument does not provide en¬ 
ergy information, and subsequent ASCA and Chandra 
observations (Kaaret 2001; Ray, Petre & Schlegel 2001) 
lacked enough photon statistics for X-ray spectroscopy, 
there is no information about the X-ray spectral proper¬ 
ties of SN 1979C and thus the temperatures of the for¬ 
ward and reverse shock. 

SN 1979C was extensively monitored in the radio start¬ 
ing eight days after maximum light, and showed an ini¬ 
tial rate of decline of (Weiler et al. 1986, 2001), 
followed by a flattening or possibly brightening at an age 
of « 10 yrs, while maintaining a relatively constant spec¬ 
tral index (Montes et al. 2000; Weiler et al. 2001). The 
results were interpreted as being due to a denser region in 
the CSM or a complex CSM structure which might have 
been modulated by the stellar wind of the progenitor’s 
companion (Weiler et al. 1992). 

® A complete list of X-rav SNe and references are available at 
http: //Iheawww.gsfc.nasa.gov/users/immler/supernovaeJist.html 


There are conflicting reports in the literature regard¬ 
ing the expans ion ve locity of the ejecta. While Bartel 
& Bietenholz ll2fir)l find a near-free expansion (i. e., 
E{T,V) = [const.]) based on VLBI data fron t t = 3.7- 
22 yrs after the explosion, Marcaide et al. re¬ 

port the detection of a strongly decelerated expansion. 
There is consensus, however, that the initial expansion 
of the shock over the first 6 ± 2 yrs was free, with 
Vs ~ 9, 000 km s~® (see Marcaide et al. 2002 and ref¬ 
erences therein). The claimed onset of the deceleration 
to Us ~ 6, 200 km s“^ coincides with the flattening of the 
radio lightcurve and might be indicative for the shock 
running into a dense CSM (Marcaide et al. 2002). 

Low-dispersion Keck optical spectra obtained at t = 
14.8 yrs and 17 yrs, as well as HST UV spectra 17 yrs af¬ 
ter the outburst revealed broad w 6,000 km s“® emission 
lines, as well as blueward peaks which are substantially 
stronger than those toward the red, indicating internal 
dust extinction within the expanding ejecta. Profile dif¬ 
ferences between hydrogen and oxygen line emission sug¬ 
gest two or more separate emitting regions, such as a Ha 
bright shell and oxygen inner ejecta region (Fesen et al. 
1999). 

HST imaging of the SN 1979C environment showed the 
presence of a cluster of stars in the vicinity of SN 1979C, 
containing both young (ss 4-8 Myrs) blue stars, as well 
as older red supergiants (w 20 Myrs), and succeeded 
in identifying SN 1979C as the brightest source in the 
optical and UV in that cluster (van Dyk et al. 1999). 
The data were further used to estimate the mass of the 
progenitor to be 18 ± 3 Mq, in agreement with a mass- 
estimate derived from radio data (^ 13 Mq, Weiler et al. 
1991). 

In this paper we report on XMM-Newton X-ray and 
UV observations of SN 1979C, all archival X-ray data 
available, as well as archival HST images and new 
ground-based optical data. In m we describe the data 
and analysis thereof and report on the X-ray spectrum, 
multi-mission X-ray lightcurve, UV photometry, and new 
follow-up ground-based optical imaging in We discuss 
the results in the context of the CSM interaction model 
and compare them to other core-collapse SNe in 0 fol¬ 
lowed by a brief summary in 

2. DATA PROCESSING AND ANALYSIS 

SN 1979C and its host galaxy NGC 4321 (MlOO) were 
observed with XMM-Newton as part of a GTO program 
on December 28, 2001, with the EPIC PN instrument 
for 31.6 ks, and the EPIC MOSl and MOS2 instruments 
for 36.2 ks and 36.0 ks, respectively, using the medium 
filter. Data processing and analysis were performed with 
SAS 6.1 and the latest calibration constituents, as well 
as FTOOLS and own IDL routines. Spectral fitting was 
performed using XSPEC 11.3.1. 

In order to establish the long-term X-ray lightcurve of 
SN 1979C we further extracted a nd re duced all X-ray 
data available in the archives (see iI2.3ll . XMM-Newton 
Optical Monitor data of SNe 1979C i Tl.'Zl . as w ell as 
archival HST and recent MDM observations (El were 
further used to estimate optical/UV fluxes. 

2.1. XMM-Newton EPIC Data 

Screening of the PN and MOS data for periods with 
a high background revealed contamination of the data 
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at the end of the observation period. Exclusion of these 
flaring periods gave cleaned exposure times of 27.1 ks 
(PN) and 23.6 ks (MOS). 

Inspection of the EPIC images further showed that the 
position of SN 1979C coincides with a chip gap on the 
PN detector, making a reliable count rate estimate im¬ 
possible. The PN data were therefore not used in the 
analysis and we will restrict ourselves to the EPIC MOS 
data only. The MOS data were further screened using 
the parameters “FLAG=0” and “PATTERN <= 12” 
and filtered to retain the 0.3-10 keV energy band only 
in order to avoid contamination from soft-proton flar¬ 
ing and uncertainties in the calibration at low energies. 
The merged 0.3-10 keV band MOS1-I-MOS2 image of 
MIOO/SN 1979C is shown in the left-hand panel of Fig. Q] 
MOS counts were extracted within a circle of radius 30" 
centered on the radio position of SN 1979C and corrected 
for the energy-enclosed aperture. The background was 
estimated locally from a source-free annulus with inner 
and outer radii of 45" and 55", respectively, to account 
for residual diffuse emission from the host galaxy. 

2.2. XMM-Newton Optical Monitor Data 

Optical Monitor (OM) data were obtained in 16 in¬ 
dividual exposures in the R-band (effective wavelength 
4,340 A), [/-band (3,440 A), and C/EITl-band (2,910 A), 
with on-source exposure times of 2.0 ks (R), 1.8 ks (R), 
and 1.9 ks {UVWl). OM data were reprocessed using 
the SAS “omichain” task, and following the data analysis 
threads in the ABC Guide version 2.01®. 

For imaging and source detection, the tracking history 
was created, bad pixels were removed, a flat field gener¬ 
ated, and images were corrected for “modulo-8” spatial 
fixed-pattern noise. Source detection was performed us¬ 
ing the “omdetect” task, which employs a two-stage pro¬ 
cess to locate sources in OM Science Window images, i.e., 
determination of the background and consecutive island 
search (“box detect”) in which sets of pixels above the 
sigma significance cut-off are identified and grouped into 
individual objects. Source counts were converted into 
instrument-bandpass magnitudes utilizing the “ommag” 
command. Fluxes were converted from count rates using 
a step-by-step recipe provided by Alice Breeveld^®. We 
also employed the interactive “omsource” task with vari¬ 
ous aperture sizes to verify the magnitudes obtained with 
“omichain” and to check for potential contamination of 
the OM photometry with nearby sources. 

Comparison of the optical positions of six stars from 
the Guide Star Catalog with the centroid positions of 
the stars in the R, U, and UVWl images revealed an 
offset of individual OM images of AR.A. = (/.'Id and 
ADec. = -0"95 (R), AR.A. = WAS, and ADec. = -1"75 
(R), and AR.A. = 1"01 and ADec. = -2723 (UVWl). 
This offset was also visible in an overlay of the R, R, and 
UVWl images. After re-alignment of the images with 
shifts in R.A. and Dec. as quoted above, no systematic 
offset between the different images, and no statistically 
significant offset between the centroid positions of the 
stars with the Guide Star Catalog positions are observed. 

A three-color (R, R, UVWl) image of MlOO and 
SN 1979C is shown in the right-hand panel of Fig. Q] The 

® available from http://heasarc.gsfc.nasa.gov/docs/xmm/abc/ 
available from http://xmm.vilspa.esa.es/sas/documentation/» 


circular enhancement in the south-western spiral arm of 
MlOO, most prominent in the R-band image (color-coded 
in red), is due to stray-light from the bright nucleus 
of MlOO. Due to its large offset from the position of 
SN 1979C and local background extraction, however, it 
does not affect the SN 1979C photometry. An XMM- 
Newton OM R-band image of the region around the po¬ 
sition of SN 1979C is further shown in more detail in 
Fig. 121 (upper panel). 

2 . 3 . Other X-Ray Data 

In addition to the XMM-Newton data described above, 
we used archival data from Einstein (HRI), ROSAT (HRI 
and PSPC), ASCA (SIS), and a recent Chandra (ACIS- 
S) observation. All Einstein observations were merged 
into a single 41.2 ks observation to increase the photon 
statistics. Count rates from the archival Einstein HRI 
and R OSAT HRI observations were taken from Immler 
et al. l|1 998fl . Cha ndra c ount rates we re tak en from Ray, 
Petre & Schlegel 1)2001(1 and Kaaret (gnpLand ASCA 
upper limits from Ray, Petre & Schlegel ll2001ll . We fur¬ 
ther extracted source counts for each of these observa¬ 
tions following standard analysis methods as described 
in the respective instrument handbooks using FTOOLS 
to check and reproduce published count rates. Two pre¬ 
viously unpublished ROSAT HRI ob servat ions were an¬ 
alyzed as described in Immler et al. (EUl). 

A ROSAT PSPC observation from December 8, 1998, 
was also used to establish the long-term X-ray lightcurve 
of SN 1979C. This observation was selected as part of 
the ROSAT PSPC “last-light” campaign during which 
the PSPC instrument was re-activated for a final set 
of observations just days before ROSAT was decommis¬ 
sioned. Inspection of the PSPC data showed that the 
position of SN 1979C was sufficiently offset from the 
“gain hole” which emerged on the PSPC-B detector im¬ 
ages taken during the short “last-light” campaign. Expo¬ 
sure corrected counts were extracted from the position of 
SN 1979C within a circle of radius 30" and corrected for 
the 100% encircled energy radius. The background was 
estimated locally within an annulus of inner and outer 
radii of 1' and ll3. The net exposure time of the obser¬ 
vation is 7.8 ks. A log of all X-ray observations utilized 
in this paper is given in Tabled 

2 . 4 . Follow-up Ground-based Optical Imaging 

Ha and R(Harris)-band images were obtained at the 
MDM Observatory on December 19 and 20, 2004 (epoch 
= 2004.97 ~ 2005.0), using the Hiltner 2.4 m telescope 
and the Columbia 8K CCD camera (Crotts 2001). The 
images were used to investigate further the nature of 
the source detected at the SN 1979C site, and to com¬ 
pare more directly its current optical flux level with that 
seen in previous late-time optical detections (Fesen et al. 
1999; van Dyk et al. 1999), Two 1,000 s R-band and 
three 1,000 s Ha exposures binned 2x2 yielding an im¬ 
age scale of 0.404 arcsec/pixel were taken under poor to 
fair conditions. The Ha image had poor image quality 
(3" FWHM) while the R-band images were fair to good 
(172-174 FWHM). These data were reduced, co-added 
and cosmic ray corrected using standard IRAF software 
routines. The MDM R-band image of the region around 
)tilBAipaai±iteii£i:' SN 1979C is shown in Fig.[21(lower panel). 
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As a means for comparison of current optical flux lev¬ 
els, we also retrieved and reprocessed the archival HST 
WFPC-PCl images of the SN 1979C region (c.f. van Dyk 
et al. 1999). These data consist of several filter images 
taken July 29, 1996, using the WFPC2 camera with the 
SN 1979C site centered in the high resolution Planetary 
Camera (PCI; 0.046 arcsec/pixel). Two 500 s broad¬ 
band red (F675W), three 1,300 s Ha (F658N), two 1,200 s 
B-band (F439W), and two 1,300 s t/-band (F336W) filter 
images were co-added and cosmic rays removed via high 
pixel value rejection procedure. A few obvious residual 
cosmic ray contaminated pixels on the summed F675W 
image were also removed manually using the IRAF soft¬ 
ware package “tv.imedit”. All optical/UV observations 
utilized in this paper are listed in Table |2 


3. RESULTS 


3.1. X-Ray Data 


SN 1979C is detected in the MOS images with a count 
rate of (3.6 ± 0.5) x 10“^ cts s“^, 23 yrs after its out¬ 
burst. Simultaneous spectral fitting of the MOS data in 
the 0.5-8 keV band gives a best-ht (reduced Xr = 
for 18 degrees of freedom) two-temperature plasma emis¬ 
sion model (XSPEC model ‘MEKAL’) with fcTiow = 
0.77^0([g keV and fcThigh = 2.3ljl|!|;gg keV, and a best-fit 
absorbing column density of A^h = 2.53^2^3 ^ 10^° cm“^ 
consistent with the Galactic foreground column density 
(A^h = 2.39 X 10^° cm“^; Dickey & Lockman 1990). 
Element abundances cannot be constrained due to the 
low photon statistics. In order to avoid contamination 
of the spectra with unresolved and hard XRBs within 
the disk of MlOO, we further fitted the spectrum in the 
0.5-2 keV band, where the bulk of emission from the re¬ 
verse shock is expected. A best-fit two-temperature ther¬ 
mal plasma emission model (y^ = 0.61, d.o.f = 8) gives 
fcTiow = 0.78to;i7 keV and /cThigh = keV, and an 

absorbing column density of A^h = 0-1.01 x 10^^ cm“^. 
Adopting this spectral template gives 0.3-2 keV and 2- 
8 keV fluxes of / 0 . 3-2 = 2.31 x 10“^"^ ergs cm“^ s“^ and 
/ 2-8 = 1.81x10“^'^ ergs cm“^ s“^, respectively. The soft 
component contributes 64% to the total emission, while 
the hard component accounts for the remaining 36% of 
the 0.3-2 keV band flux. The MOS spectra and best-fit 
model are shown in Fig.|3 

A single component thermal plasma spectrum gives 
best-fit kT = 0.60;)! )g keV and an absorbing column 
density of A^h = 6.5t^;g x lO^i cm-^ (y2 = 1 . 29 , 
d.o.f = 11). Using these spectral properties gives a soft- 
band flux of / 0 . 3-2 = 1-69 X10“^'^ ergs cm“^ s“^. A ther¬ 
mal bremsstrahlung spectrum with kT = 0.531q 33 keV 


iXr = 0.91, d.o.f = 11) cannot be statistically ruled 
out, but shows significantly larger systematical offsets 
from the observed spectrum, especially at lower ener¬ 
gies. Adopting this spectral template gives a soft-band 
flux of / 0 . 3-2 = 2.11 X 10“^'* ergs cm“2 g-i. Other 
spectral models, such as a power-law (F = 4.48lQ 4 g; 

= 0.87, d.o.f = 17) or a non-equilibrium ionization 
model {kT = 73.4^33^0 X? = 0.93, d.o.f = 16) can¬ 
not be statistically ruled, but give unreasonable physical 
parameters. 

Using the above two-temperature thermal plasma spec¬ 
tral template and assuming a distance of 17.1 Mpc 


(Freedman et al. 1994), we infer soft- and hard-band 
X-ray luminosities of To. 3-2 = 8 x 10^® ergs s“^ and 
T 2-10 = 3 X 10®® ergs s“^, respectively. 

We also analyzed the multi-mission data set to con¬ 
struct the long-term X-ray lightcurve of SN 1979C, using 
the same spectral template to convert count rates into 
fluxes and luminosities. The long-term X-ray lightcurve 
is shown in Fig. ^ We calculated the mass-loss rate of 
the progenitor as a function of age of the stellar wind as¬ 
suming a constant shock velocity of 9,200 km s“^ (Mar- 
caide et al. 2002). An effective (0.3-2 keV band) cooling 
function of A = 3 x 10“^® ergs cm® s“^ for an optically 
thin thermal plasma with a temperature of 10^ K was 
adopted, which corresponds to the temperature inferred 
from the MOS spectra. Adopting different plasma tem¬ 
peratures in the range 0.5-1 keV would lead to changes 
in the emission measure of « 10%. This error in the 
emission measure is included in calculations of the CSM 
number densities (§ EH)- Key physical properties of 
SN 1979C are listed in Table 0 

While the mass-loss rate history (see Table 01 and left- 
hand panel of Fig. El indicates a slight increase in the 
mass-loss rate toward a larger stellar wind age, the re¬ 
sults are not statistically significant. We further cal¬ 
culated the mass-loss rate history assuming a strongly 
decelerated expansion of the shock of 9,200 km s“^ for 
a stellar wind age of tw < 6 yrs, 6,200 km s“^ for 
6 yrs < tw < 14 yrs, and 5,400 km s“^ for tw > 20 yrs, 
corresponding to a deceleration i? oc with a deceler¬ 
ation parameter of m = 0.6 (Marcaide et al. 2002) to 
approximate a continually decelerating shock. The re¬ 
sults are shown in the right-hand panel of Fig. El The 
introduction of a deceleration leads to a constant mass- 
loss rate of M w 1.5 x 10“"^ Mq yr“^ (uw/10 km s~^). 

We computed the CSM number density in the vicin¬ 
ity of the SN by integrating the mass-loss rate within 
the sphere probed by the CSM interaction. The post¬ 
shock CSM number densities, n = Pcsm/w, for the 
different radii r = Vgt corresponding to the dates of 
the observations, are listed in Table El An overall de¬ 
crease in the CSM density is observed from n = (1.17 ± 
0.32) X lO'i cm-® at log r[cm] = 17.50 {ROSAT HRI) to 
n = (0.85±0.19) X 10^ cm"® at logr[cm] = 17.59 (XMM- 
Newton), albeit not statistically significant. While the 
ROSAT PSPC and Chandra data at logr[cm] = 17.52 
(n = [1.66 ± 0.63] x 10^ cm”®) and 17.53 cm (n = 
[1.51 ± 0.56] X lO"* cm”®) are slightly higher, they are 
consistent with the earlier ROSAT HRI and later XMM- 
Newton data within the errors. The CSM density profile 
will be discussed in more detail in §0 

3.2. XMM-Newton Optical Monitor Data 

An optical/UV source is found at the position of 
SN 1979C in the B, U, and UVWl bands, with magni¬ 
tudes of tob = (19.1 ± 0.1) mag, mu = (18.0 ± 0.1) mag, 
and muvwi = (17.6 ± 0.1) mag, and source detection 
signihcances of 17.1cr, 28.1cr, and 34.5cr, respectively, 
within an aperture of 12 pix (4'.'1 FWHM). The source is 
flagged as point-like by the source detection algorithm. 
Magnitudes were converted into fluxes with Vega as a 
reference (Vega has magnitudes of me = 0.030 mag, 
and mu = muvwi = 0.035 mag), and a relation of 
WVega-WSN1979C = ”2.5 log (/vega//sN1979c), and Vega 
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fluxes in the OM B, U, and UVWl filters of 5.97, 3.15, 
and 3.73 x 10“® ergs cm“^ s“^ A ^. We obtain B, U, 
and UVWl band fluxes for SN 1979C of 1.4, 2.0, and 
3.3 X 10“^® ergs cm“^ s“^ A , respectively. 

In order to minimize contamination of the optical/UV 
with potential unresolved neighboring sources, we also 
extracted OM counts within smaller apertures of 3 pixel 
radius (2'.'9) from the centroid position of SN 1979C. 
Using this small aperture we obtain muvwi = (17.9 ± 
0.1) mag, /uvwi = 2.6 x 10“^® ergs cm“^ s“^ A“^, and 
Uuvwi = 9.0 X 10^® ergs s“^. 

3.3. R-Band and Ha Imaging 

Our 2005.0 MDM i?-band image of the SN 1979C re¬ 
gion in MlOO is shown in Figs. [3 and [3 along with 
the 2002.0 XMM-Newton OM [/-band image, and the 
1996.6 HST WFPC-PCl red (F675W), Ha (F658N), 
H-band (F439W), and [/-band (F336W) images. The 
MDM i?-band image shows a bright source at the po¬ 
sition of SN 1979C with a strength that suggests little 
change in i?-band luminosity from that seen in the 1996.6 
HST F675W images. Although the WFPC2 F675W and 
/[(Harris) bandpasses are different in wavelength cover¬ 
age (F675W bandpass: 6,000-7,500 A; /[(Harris) band¬ 
pass: 5,600-8,200 A), they are both about equally sen¬ 
sitive to the strong and broad emission lines of [O I] 
AA6300,6364, Ha, and [O H] AA7319,7330 which domi¬ 
nate the late-time spectrum of SN 1979C (Fesen et al. 
1999). This permits one to roughly equate these two fil¬ 
ter images for purposes of comparing total emission line 
levels in SN 1979C. 

Relative flux measurements on the WFPC2-PC1 
F675W and MDM /[-band images of the SN 1979C 
source and several surrounding point sources, including 
the bright source 270 nearly due east, were taken and 
indicate SN 1979C’s 2005.0 6,000-7,500 A flux has re¬ 
mained constant to ±0.25 mag from its 1996.6 level. 
Concerning the current level of Ha flux, the poor im¬ 
age quality of the MDM Ha image, differences in filter 
passbands between the WFPC2/F658N (Aq = 6,591 A; 
FWHM = 29 A) and the MDM 8K/Ha filter (Ao = 
6,565 A; FWHM = 80 A), plus uncertainty as to the asso¬ 
ciation of a strong, narrow Ha at the rest frame velocity 
of MlOO {v = 1,570 km s“^) with SN/CSM interaction 
make a definitive statement difficult. Nonetheless, the 
ground-based image data do suggest that considerable 
Ha emission currently exists at the SN 1979C site at a 
level consistent with that seen in the 1996.0 WFPC2-PC1 
image (see Fig. [3 right-hand panel). 

4. DISCUSSION 
4.1. X-Ray Data 

SN 1979C is detected at a high flux level 23 yrs after its 
outburst, with no indication of a decline over the last six 
years. This is in stark contrast to most other X-ray SNe 
which typically show X-ray and radio rates of decline of 
Lx oc with index n in the range 0.3-1.4 (see Immler 
& Lewin 2003 and Sramek & Weiler 2003 for review ar¬ 
ticles of the X-ray and radio rates of decline). The only 
SN which shows a similar persistent X-ray lightcurve is 
SN 1978K (Schlegel et al. 1999, 2004). Clearly, the high 
inferred flux is indicative of large amounts of shocked 


CSM and a high mass-loss rate in the scenario of the 
CSM being deposited by the progenitor. 

Furthermore, our analysis may indicate a possible in¬ 
crease of the mass-loss rate for larger stellar wind ages 
(see left-hand panel of Fig. 13 if we assume a constant 
velocity forward shock. In order to check whether incor¬ 
rect assumptions in the spectral properties of SN 1979C 
might mimic such an increase of the mass-loss rate, we 
investigated the effect of the assumed spectral parame¬ 
ters used for the conversion of source counts into fluxes. 
However, given our observed MOS count rates, we can¬ 
not find spectral templates with realistic plasma tem¬ 
peratures which could account for the apparent increase 
in the mass-loss rate. In fact, if we adopt a spectral 
template which only includes a hard thermal component 
with 10 keV for the forward shock emission for the ear¬ 
lier data for which no spectral information is available, 
the inferred flux would be 37% lower when compared 
to our two-temperature thermal emission model, which 
takes the emergence of the (softer) reverse shock into ac¬ 
count. We therefore can not reproduce a flat mass-loss 
rate history by changing the plasma temperatures of the 
shocked CSM alone. 

Instead, we find that the mass-loss rate history is 
best represented by a constant stellar wind velocity 
and constant mass-loss rate by assuming that the shock 
front experienced a strong deceleration. Adopting de¬ 
celeration parameters derived from VLBI imaging (with 
9,200 km s“^ for W < 6 yrs, 6,200 km s“^ for 6 yrs < 
tw < 14 yrs, and 5,400 km s“^ for W > 20 yrs; Marcaide 
et al. 2002) gives a flat (slope = 0) mass-loss rate his¬ 
tory (see right-hand panel of Fig.|3l. This indicates that 
the assumed deceleration parameters are indeed plausi¬ 
ble, and contradict claims for a free expansion based on 
the same VLBI data (Bartel & Bietenholz 2003). 

The early upper limit from the merged Einstein data 
0.66 yrs after the outburst, however, is in conflict with 
a constant stellar wind velocity and constant mass-loss 
rate model (see Fig.|5ll. Similarly to SN 1979C, an early 
ROSAT upper limit to the X-ray flux of the SN Ic 19941 
on day 52 has been reported to be in conflict with the X- 
ray evolution in terms of a simple power-law, and with a 
constant mass-loss rate and wind velocity (Immler et al. 
2002). This is indicative that a simple power-law model 
for the X-ray rate of decline might be incomplete for 
describing the early epoch in the CSM interaction. As¬ 
suming an initial exponential rise of the X-ray luminosity 
after the outburst (at time to) and a subsequent power- 
law decline with index s, we can parameterize the X-ray 
evolution as /x oc (i — /q)”® x with r oc (/ — to)~^- 
This model has been successfully used to describe the 
time dependence of the radio emission of SNe (Weiler 
et al. 1986) and the X-ray emission of SN 19941 (Imm¬ 
ler et al. 2002). In this representation the external ab¬ 
sorption of the emission is represented by the e~'^ term 
(‘optical depth’) and the time-dependence of the optical 
depth is parameterized by the exponent (3. The rise of 
the X-ray flux could be either due to a decreasing ab¬ 
sorption by intervening material along the line-of-sight 
to the X-ray emitting hot gas or could simply indicate 
a non-production of soft X-rays at early times. Unfor¬ 
tunately, the lack of high-quality data for SN 1979C at 
early times precludes a more detailed investigation. The 
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low inferred mass-loss rate around 0.66 yrs after the out¬ 
burst of SN 1979C, however, could be due to such an ex¬ 
ponential increase in the X-ray emission. The data can 
therefore be reconciled with a constant mass-loss rate 
history if we assume an initial rise of the emission, which 
is observationally not further constrained. 

Long-term X-ray lightcurves and high-quality spectra 
are also available for SNe 1993J (Immler et al. 2001; Zim- 
mermann & Aschenbach 2003) and 1978K (Schlegel et al. 
2004). While the overall X-ray lightcurve of SN 1993J 
is best described by a rate of decline, significant 
‘bumps’ around day « 1,000 are observed, which might 
be due to a change in the slope of the CSM density pro¬ 
file (Zimmermann & Aschenbach 2003). VLBI imaging 
revealed that the expanding shock region has a circular 
morphology, which is indicative of a smooth CSM. Based 
on the X-ray and radio data, a significant change in the 
mass-loss rate of the SN 1993J progenitor was discovered, 
with a continuous decrease from M = 4 x 10“'^ Mq yr“^ 
to 4 X 10“® Mq yr“^ during the late stages of the evo¬ 
lution (Immler et al. 2001; van Dyk et al. 1994). This 
evolution has been interpreted as a transition in the pro¬ 
genitor’s evolution from the red to the blue supergiant 
phase during the last10,000 yrs of the evolution (Imm¬ 
ler et al. 2001). While a deceleration of the shock could 
not account for the change in the mass-loss rate his¬ 
tory for SN 1993J, correction for a strongly decelerated 
shock produces a fiat mass-loss rate history for SN 1979C 
with M « 1.5 X 10“"^ Mq yr“^ (w^/lO km s“^). The 
bumpy CSM structure inferred for SN 1979C based on 
our analysis might be largely explained by systematic 
and statistical uncertainties in the X-ray flux, especially 
when the cross-calibration uncertainties between Ein¬ 
stein, ROSAT, Chandra, and XMM-Newton are taken 
into account (which would add an additional ^ 10 % to 
the errors quoted in this paper; see Snowden 2002 and 
the EPIC Calibration Documentation^^). We therefore 
conclude that SN 1979C does not show any evidence for 
a change in the stellar wind parameters. 

The X-ray spectrum of SN 1979C is best described by 
a two-temperature thermal plasma emission model with 
kT\ov/ = 0.78jig;jy keV, fcThigh = keV, accounting 

for 64% and 36% of the total (0.3-2 keV) flux, respec¬ 
tively, and no intrinsic absorption. Single-component 
fits cannot be statistically excluded and give a similar 
temperature {kT = 0.60jig;yg keV for a thermal plasma 
fit; kT = 0.5310 3 !^ keV for a thermal bremsstrahlung 
fit) and flux compared to the soft component of the 
two-temperature fit. The hard and soft spectral compo¬ 
nents are likely due to emission from the forward (hard 
component) and reverse shock (soft component). While 
minor contamination of the spectrum with unresolved 
XRBs within the disk of MIOO cannot be conclusively 
excluded, spectral analysis of various point-source free 
regions within the D 25 ellipse of MIOO give plasma tem¬ 
peratures significantly different from the spectral compo¬ 
nents above {kT = [0.13 ±0.08] keV) and likely originate 
in hot plasma within or above the disk of MIOO. 

Similarly to SN I979C, a best-fit two-temperature 
thermal plasma model with fcTiow = (0.34±0.04) keV and 
fcThigh = (6.54 ±4) keV was observed for SN I993J based 

available at http://xmm.vilspa.esa.es/external/xmm_sw_cal/c( 


on high-quality XMM-Newton spectroscopy eight years 
after its outburst (Zimmermann & Aschenbach 2003). 
While these temperatures differ from the plasma tem¬ 
peratures found for SN I979C (fcTiow = 0.78tg;i7 
fcThigh = d.llg^g keV) the overall temperature evolution 
for SN I993J with a softening over time is consistent with 
the spectrum of SN I979C at this late stage. Since no 
time-resolved spectroscopy is available for SN I979C, we 
used the best-fit spectral template of the XMM-Newton 
MOS data to convert count rates into fluxes, luminosi¬ 
ties, and compute mass-loss rates and CSM densities. 
Changes in the spectral properties, however, do not have 
a significant impact on the main results from this analy¬ 
sis (see S 12. III . 

Chandra data of SN 1998S, which was observed to 
have a similarly high mass-loss rate (2 x 10“"^ Mq yr“^) 
also showed a softening of its spectrum from 10.4 keV 
at day 678 after its outburst to 8.0 keV on day 1,048 
for a thermal plasma fit with Galactic absorption only 
(Pooley et al. 2002). A more recent XMM-Newton ob¬ 
servation revealed the emergence of a soft (^ 0.8 keV) 
component, probably from the reverse shock, in addition 
to the harder component observed with Chandra (Imm¬ 
ler & Lewin 2003). 

In terms of spectral properties, SN 1979C shows a 
striking resemblance to SN 1978K. At an age of 24.2 yrs, 
the X-ray spectrum of SN 1978K as observed with XMM- 
Newton was best-fitted with a two-temperature ther¬ 
mal plasma spectrum {kTiow = O.OIi'^Q gg keV, fcPhigh = 
3.16lg;4Q keV; Schlegel et al. 2004). Similarly to 
SN I979C, SN I978K shows no decline over the observed 
period and has been detected at a persistently high X-ray 
luminosity (Lg. 5_2 = 1.5 x 10^® ergs s“^), which places 
both SNe into the category of strongly interacting with 
dense ambient CSM. 

In order to compare the CSM properties in the vicinity 
of recent SNe for which sufficient data are available, we 
computed the CSM densities as a function of shell expan¬ 
sion radii for SN I994I (Immler et al. 2002), SN 1993J 
(Immler et al. 2001), and SN 1978K (Schlegel et al. 2004) 
in an identical manner. While the CSM density profiles 
of SNe 19941, 1993J, and 1978K can be fitted with a 
power-law of the form pcsm = Po{f/'ro)~^ with s = 1.9 
(SN 19941), s = 1.6 (SN 1993J), and s = 1.0 (SN 1978K), 
we do not find a statistically acceptable fit for the CSM 
density profile using all X-ray data of SN 1979C (see Ta¬ 
ble 01 and Fig. 01 . If we only include the ROSAT HRI and 
XMM-Newton MOS detection (which have the highest 
signal-to-noise ratio), we obtain a best-fit CSM density 
profile of pcsm = Po(^/^o)~* with s = 1.6 ± 1.2. In¬ 
clusion of the early Einstein upper limit gives a profile 
flatter than s ^ 1.7, consistent with the profile inferred 
from the ROSAT HRI and XMM-Newton MOS data. It 
should be noted, however, that cross-calibration uncer¬ 
tainties of ^ 10% between the XMM-Newton, ROSAT, 
and Einstein fluxes have not been taken into account, 
which would increase the error to the CSM profile ac¬ 
cordingly (see §ini)- 

While the CSM density profile is fiat compared to SNe 
I994I and I993J, it is statistically consistent with a con¬ 
stant mass-loss rate and constant wind velocity profile. 
Within the errors, the two data points for the ROSAT 
iiMfelBfiitiatid Chandra measurements are consistent with 
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the CSM number density inferred from the ROSAT HRI 
and XMM-Newton MOS data, and close to the extrap¬ 
olated CSM density profile of SN 1978K at these large 
radii from the site of the explosion (log r[cm] = 17.50 
and 17.59; see Fig. EJ. A higher assumed wind velocity 
would further decrease the CSM number densities and 
give an even closer match to the extrapolated SN 1978K 
profile. Even though clumps in the CSM leading to an 
increase in the CSM density cannot be conclusively ex¬ 
cluded, the seeming ‘jump’ in the CSM density between 
logr[cm] = 17.67 (ROSAT PSPC) and 17.82 {Chandra 
ACTS data) is likely caused by the large errors associ¬ 
ated with the low photon statistics of these observations 
and cross-calibration uncertainties between the different 
instruments. 

Spatially resolved VLSI radio imaging of SN 1979C at 
an age of < = 22 yrs have, in fact, shown a uniform shell¬ 
like structure with no evidence for a clumpy CSM or a 
geometry different from spherically symmetric (Bartel & 
Bietenholz 2003). Radio monitoring of SN 1979C over 
the past decades has shown significant quasi-periodic or 
sinusoidal modulations in the radio flux (see Fig. 2 in 
Montes et al. 2000). These modulations in the radio 
lightcurve have been discussed in the context of a mod¬ 
ulation of the stellar wind by a binary companion in a 
highly eccentric orbit (Weiler et al. 1992; Montes et al. 
2000). The lack of a change in the radio spectral in¬ 
dex over the monitored period, however, indicates an 
unchanged emission mechanism with constant efficiency 
(Montes et al. 2000). Our X-ray data do not support a 
substantial change in the CSM density profile, but con¬ 
firm a scenario in which the shock interacts with a dense 
CSM (^ 10^ cm-3). 

4.2. Optical/UV Data 

Late-time optical and UV photometry and spec¬ 
troscopy can yield interesting insights into the CSM 
properties, such as electron densities, shock velocities 
and ionization states of the shocked CSM. From these, 
conclusions can be drawn on the nature and mass of the 
progenitor, as well as on its evolution. Of particular in¬ 
terest are the late-time optical and UV emission as a 
result of radiative cooling of the SN shock, ionized by 
incident X-rays from the CSM shock interaction and by 
the SN event itself (Chevalier & Fransson 1994). 

Multi-band HST imaging of the environment of 
SN 1979C was successfully used to recover optical emis¬ 
sion from SN 1979C at t « 20 yrs after its outburst 
(van Dyk et al. 1999). The HST data showed SN 1979C 
to be the brightest source at any observed wavelength 
band {U, B,V, R, I) within a small stellar cluster of red 
supergiants and young blue stars. While SN 1979C 
had magnitudes of mu = 23.2 mag, me = 23.3 mag, 
my = 22.1 mag, mi = 21.0 mag, the next brightest op- 
tical/UV sources in the environment had my ^ 24 mag 
and mi ^ 23 mag. The HST images further suggest the 
presence of 5-7 additional, although faint, UV-emitting 
stars at the site. Three more UV sources were imaged 
with the HST further to the east (ss 2"), which are lo¬ 
cated within the OM counts extraction aperture (2'.'9 ra¬ 
dius). It is therefore possible that these sources con¬ 
tribute a significant fraction to the observed optical/UV 
flux within the extracted aperture. 

The new ground-based R-band and Ha images taken 


in December 2004, some 25.6 yrs after the outburst, con¬ 
tinue to indicate a strong CSM interaction, three years 
after the XMM-Newton observations. This suggests that 
both Ha and the broad [O I] and [O H] line emissions 
seen in the 1993 spectra are still of comparable strength 
to levels more than a decade earlier. 

Little is known to date about the late-time spectra of 
SNe shortward of 5,000 A. UV emission is detected from 
the position of SN 1979C with a UVWl-hand luminosity 
of Tuvwi = 9 X10^® ergs s“^. Comparison of the Ha and 
UV luminosities of SN 1979C show an interesting simi¬ 
larity (Tua = 1-6 X 10^”^ ergs s“^, van Dyk et al. 1999). 
The Ha lightcurve of SN 1979C shows no decline between 
1987 and 1991 (Fesen et al. 1999), while a slight increase 
in the 1993 data is observed, which coincides with the 
observed flattening of the radio lightcurve. A similar 
Ha luminosity was observed for the Type ILL SN 1980K 
(2.5 X 10^”^ ergs s“^; Fesen et al. 1999) at an age of 14-15 
years after its explosion. These high late-time Ha lumi¬ 
nosities are largely the result of high electron densities 
(rie ^ 10^-10® cm“^), which are supported by the high 
inferred CSM densities in this paper (^ 10^ cm“^). 

The OM t/-band data show a bright source at the posi¬ 
tion of SN 1979C (Tu = 5x 10^® ergs s“^), while the HST 
data from 1996 show very weak emission from SN 1979C 
in the t7-band. This difference can be attributed to the 
cut-off of the HST U-band filter redward to 3,800 A, 
while the t/-band filter of the OM cuts off at 3,950 A, 
which then includes the broad [Ne HI] emission lines at 
AA3868,3869. The detection of [Ne HI] emission lines 
from SN 1979C (Fesen et al. 1999) may explain why the 
SN is brighter in the XMM-Newton OM U -band images 
than in the HST t/-band (F336W filter) images. 

The peak surface brightness of the OM t7-band emis¬ 
sion coincides with the peak in the R-band (see Fig.[7|), 
which includes broad Ha, [O H] AA7319,7330, and [O I] 
AA6300,6364 line emission from the SN ejecta, and nar¬ 
row Ha, presumably associated with the strong CSM in¬ 
teraction. While the source at the position of SN 1979C 
is classified as point-like in all OM bands by the source 
detection routines, slightly more extended emission is vis¬ 
ible in the OM B and UVW 1-band images compared to 
the t/-band. This is consistent with at least a substantial 
fraction of the B, U (^ 30%) and UVWl-hand (^ 50%) 
fluxes being to the SN itself. For the UVW 1-band, most 
of the flux likely arises from Mg H 2,800 A where the 
peak in the UVW 1-band effective area is located. A sub¬ 
stantial fraction of the R-band flux might also be due to 
SN 1979C (20-30% contribution to the total light in this 
OB/SN spatial region) and is due to [O HI] 4,363 A line 
emission. The contribution from the OB stars to the 
east may be significantly reduced, relative to that from 
the SN, to the total flux within the U -band passband for 
both the HST and OM filters, due to the Balmer jump 
at 3,600 A in the stellar spectra of these stars. 

Because of the strong appearance of SN 1979C in the 
OM t/-band image, the [Ne HI] emission may have sub¬ 
stantially increased in strength since the HST spectra 
obtained in 1996 (Fesen et al. 1999). It should be kept in 
mind, however, that the HST data were acquired before 
the increase of SN 1979C at radio wavelengths. This in¬ 
crease could be caused by either a higher ionization of the 
CSM interaction and/or a lowering of the local redden- 
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ing/extinct ion due to dust evaporation via shocks (i.e., 
dust in the CSM) or less ejecta formed dust via dilution 
from expansion. 

In summary, the high inferred optical/UV flux for 
SN 1979C, especially in the t/-band, further suggests con¬ 
tinued strong CSM interaction even at this late stage in 
the evolution and large radii from the site of the explo¬ 
sion, which is also supported by our recent MDM i?-band 
data, and confirms our results which are independently 
inferred from the X-ray data. 

5. SUMMARY 

In this paper we present a comprehensive study of the 
Type ITL SN 1979C in X-rays and in the optical/UV 
based on XMM-Newton data, all archival X-ray data 
available to date, as well as archival optical data from 
the HST and a recent MDM observation. Key findings 
are: 

• SN 1979C is observed at a high X-ray luminosity 23 yrs 
after its outburst (Lo. 3-2 = 8 x 10^® ergs s“^) and shows 
no evidence for a decline over the observed period of 16- 
23 yrs after its outburst. 

• The X-ray spectrum, measured for the first time, gives 
a best-fit two-temperature thermal plasma model with 
fcThigh = 4.lt^®3 keV, fcTiow = 0.76ti|;i^ keV and Galac¬ 
tic absorption only, characteristic for emission from both 
the forward (hard component) and reverse shock (soft 
component). The spectral properties are similar to that 
of other core-collapse SNe, such as SNe 1978K and 1993J. 

• After correction for a decelerating shock front we find 
no evidence for a change in the progenitor’s mass-loss 
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rate (M ^ 1.5 x 10“^ M© yr“^) over a period of ^ 
16,000 yrs in the stellar evolution of the progenitor. 

• High CSM number densities (^ 10^ cm“®) are inferred 
for SN 1979C even at large radii (out to « 4 x 10^^ cm) 
from the site of the explosion, similar to SN 1978K. The 
CSM density profile can be fitted with a power law of the 
form pcsm = Po(?'/^o)~* with index s ^ 1.7 comparable 
to other SNe (e.g., SNe 19941 and 1993J), and support 
a constant mass-loss rate and a constant stellar wind 
velocity. 

• A point-like optical/UV source is detected at the po¬ 
sition of SN 1979C with the Optical Monitor on-board 
XMM-Newton, with U, B, and t/UlUl-band luminosi¬ 
ties of Lu = 5 X 10®® ergs s“®, Lb = 7 x 10®® ergs s“\ 
and Luvwi = 9 x 10®® ergs s“®, similar to its Ha and R- 
band luminosity. The high luminosities, especially in the 
{7-band arising from Mg H 2,800 A and in the (iVWl- 
band from [Ne HI] AA3868,3869 emission lines, indicate 
substantial CSM interaction in the late-time evolution 
of SN 1979C and independently support the strong ob¬ 
served CSM interaction as observed in X-rays. 
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TABLE 1 

X-Ray Observations of SN 1979C 


Mission 

Instrument 

Obs-ID/Seq-No 

Date 

Exposure 

MJD 

Einstein 

HRI 

H1220N16.XIA 

1979-06-07 

4.0 ks 

44,031 

Einstein 

HRI 

H1220N16.XIB 

1979-12-12 

13.4 ks 

44,217 

Einstein 

HRI 

H1220N16.XIC 

1980-06-29 

23.8 ks 

44,418 

ROSAT 

HRI 

RH600731N00 

1995-06-17 

42.8 ks 

49,885 

ROSAT 

HRI 

RH500422N00 

1995-07-01 

9.0 ks 

49,899 

ASCA 

SIS 

55044000 

1997-12-24 

27.3 ks 

50,806 

ROSAT 

HRI 

RH500542N00 

1997-12-27 

25.1 ks 

50,809 

ROSAT 

PSPC 

RP180296N00 

1998-12-08 

7.8 ks 

51,155 

Chandra 

ACIS-S 

400 

1999-06-11 

2.5 ks 

51,340 

XMM-Newton 

MOS 

0106860201 

2001-12-28 

36.6 ks 

52,271 

Note. — All Einstein HRI observations were 

merged into a single 41.2 ks observation. 




TABLE 2 

OPTicAL/LfV Observations of SN 1979C 

Telescope 

Filter 

Date 

Exposure 

MJD 

HST WFPC2-PC1 

U (F336W) 

1996-07-29 

2.6 ks 

50,293 

HST WFPC2-PC1 

B (F439W) 

1996-07-29 

2.4 ks 

50,293 

HST WFPC2-PC1 

R (F675W) 

1996-07-29 

1.0 ks 

50,293 

HST WFPC2-PC1 

Hq (F658W) 

1996-07-29 

3.9 ks 

50,293 

XMM-Newton OM 

U 

2001-12-28 

1.8 ks 

52,271 

XMM-Newton OM 

B 

2001-12-28 

2.0 ks 

52,271 

XMM-Newton OM 

UVWl 

2001-12-28 

1.9 ks 

52,271 

MDM Hiltner 2.4m 

R 

2004-12-19 

2.0 ks 

53,358 

MDM Hiltner 2.4m 

Ho 

2004-12-19 

3.0 ks 

53,358 


TABLE 3 

X-Ray Properties of SN 1979C 

Epoch 

[yrs] 

(1) 

Instrument 

(2) 

fo.3-2 

[10—14 gj.gg gjjj— 2 s“^] 

(3) 

±0.3-2 

[10^® ergs s“^] 

(4) 

M 

[10-4 Mq yr-l] 
(5) 

logr 

[cm] 

(6) 

tw 

[yrs] 

(7) 

n 

(104 cm”®] 

(8) 

0.66 

Einstein HRI 

< 12.78 

< 4.47 

< 0.71 

16.28 

615 

< 223.87 

16.18 

ROSAT HRI 

2.20 ±0.37 

0.77 ±0.13 

1.45 ±0.25 

17.50 

14,878 

1.17 ±0.32 

16.22 

ROSAT HRI 

< 5.09 

< 1.78 

< 2.19 

17.51 

14,914 

< 1.17 

18.71 

ASCA SIS 

< 4.92 

< 1.72 

< 2.33 

17.51 

17,200 

< 1.66 

18.72 

ROSAT HRI 

< 5.15 

< 1.80 

< 2.36 

17.51 

17,208 

< 1.66 

19.67 

ROSAT PSPC 

2.21 ± 0.63 

0.77 ±0.22 

1.62 ± 0.46 

17.52 

18,080 

1.66 ±0.63 

20.17 

Chandra ACIS-S 

2.23 ± 0.71 

0.78 ± 0.25 

1.63 ±0.52 

17.53 

18,546 

1.51 ±0.56 

22.72 

XMM-Newton MOS 

2.31 ± 0.26 

0.81 ±0.09 

1.75 ±0.19 

17.59 

20,893 

0.85 ± 0.19 


Note. — (1) Epoch after the peak optical brightness (April 15, 1979) in units of yrs; (3) 0.3—2 keV X-ray band flux in units of 
ergs cm“^ (4) 0.3—2 keV X-ray band luminosity in units of ergs s“^; (5) mass-loss rate of the progenitor in units of Mq yr“^; (6) log 
of the radius from the site of the explosion; (7) age of the stellar wind in units of yrs; (8) post-shock CSM number density in units of 
10'* cm“®. 
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Fig. 1.— Left-hand panel: Merged XMM-Newton EPIC MOS1-I-MOS2 image of MlOO and SN 1979C in the 0.3-10 keV band in 
logarithmic gray-scale. The image was adaptively smoothed to achieve a signal-to-noise ratio of 10. Contour lines are 0.65 (black), 1, 1.5, 
3, 6, 10, and 13 x 10“^ cts s“^ pix“^. The position of SN 1979C is marked by a white cross. The black circle gives the D 25 ellipse of 
MlOO. Right-hand panel: B (red), U (green), and UVWl (blue) Optical Monitor image of MlOO. The small white circle (radius 775) is 
centered on the radio position of SN 1979C. The large white circle indicates the D 25 ellipse of MlOO as in the left-hand panel. 



Fig. 2. — XMM-Newton Optical Monitor C/-band image (upper panel) and MDM 2.4-m Hiltner Telescope R-band image of the southern 
spiral arm of MlOO centered on the position of SN 1979C. The 15^^ scalebar in the lower panel applies to both panels. 
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Fig. 3.— EPIC Most and MOS2 X-ray spectra of SN 1979C (upper panel). The lower panel showsthe residuals of the fits in units of 
a for the best-fit spectral model consisting of a two-component thermal plasma emission model (see JO- 
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Fig. 4.— Soft (0.3—2 keV) band X-ray lightcurve of SN 1979C based on Einstein, ROSAT, ASCA, Chandra, and XMM-Newton data. 
Upper limits are from Einstein HRI, ROSAT HRI and ASCA SIS observations. Time is given in units of 10^ days after the outburst of 
SN 1979C (see Table 1). 
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Fig. 5.— Left-hand panel: Mass-loss rate history of SN 1979C as a function of the stellar wind age in units of 10^ years before the 
explosion for a constant shock velocity (see Table 1 and 0. Right-hand panel: Mass-loss rate history of SN 1979C as a function of the 
stellar wind age in units of 10^ years before the explosion for a decelerated shock (see JO- 
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Fig. 6.— Circumstellar matter density profiles as a function of SN shell expansion radii for SNe 19941 (filled triangles; Immler et al. 
2002), 1993J (open triangles; Immler et al. 2001), 1978K (open box; this work), and 1979C (filled box; this work). Error bars for SN 1979C 
are iblcr. Best-fit CSM density profiles of pcsm oc r~^ with indices s = —1.9 (SN 19941), s = —1.6 (SN 1993J), and s = —1.0 (SN 1978K) 
are drawn as lines. 
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Fig. 7.— XMM-Newton OM [/-band image (from December 28, 2001; upper left-hand panel), MDM it-band image (from December 
19 and 20, 2004; lower left-hand panel), and HST WFPC2-PC1 U, B, 7t-band and Ho images (from July 29, 1996; middle and right-hand 
panels) of the SN 1979C region. The circles (radius 1") are at the HST i?-band centroid position of SN 1979C. 



